DEFINITION OF TERMS
Sea Level: In this report "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929) a geodetic datum derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level Datum of 1929.
The diversion dam is located at a natural break in the Merced River gradient.
The pool upstream from the dam provides sufficient storage to reduce erosive forces on the State Highway 140 embankment caused by inflow to the dam. A rockfall near the downstream side of the dam has deposited large boulders in the channel that tend to stabilize the channel boundary.
Large floods on the Merced River occurred in December 1937 , November 1950 , and December 1955 These floods, which have a recurrence interval of about 40 years, caused the deposition of sediment in the pool upstream from the dam and inundation of State Highway 140 near the right abutment of the dam. Sediment deposited during the 1937 flood was removed in 1938 to a depth about 2.5 feet below the dam crest.
Field surveys in April 1988 indicate that the pool and backwater extend upstream from the dam about 550 feet.
The surveys indicate that the channel curvature causes impinging flows on the State Highway 140 embankment upstream from the dam. Also, the channel thalweg is about 10 feet lower than the toe of the present rock riprap bank protection along the State Highway 140 embankment.
Removal of the dam will cause several channel changes at the site, including possible scour of the channel bed at the dam to a depth 20 feet lower than the present dam crest.
Bed and associated bank shear stresses six times greater than presently occur could cause increased erosion of the State Highway 140 embankment.
Other possible changes include lateral movement of the channel alignment in the reach upstream from the dam causing impinging flows against the State Highway 140 embankment and exposure of the toe of the existing rock riprap placed along road fill.
These possible channel changes that would result from the proposed removal of the diversion dam would require additional protection of the State Highway 140 embankment.
INTRODUCTION
The National Park Service has discontinued hydroelectric power generation on the Merced River at Yosemite National Park and plans to remove the Cascade Diversion Dam, water intake structure, and associated facilities. The diversion dam was constructed to impound water for the intake structure that diverts flows to a powerhouse. The dam is located near the western boundary of the park ( fig. 1 ) . There is concern that removal of the dam will cause a general degradation of the Merced River channel in the vicinity of the dam and also cause erosion of the State Highway 140 embankment on the north side of the river ( fig. 1 ) .
Flows of the Merced River at the damsite are unregulated; the drainage basin area is about 325 mi 2 . The U.S. Geological Survey gaging station at Merced River at Pohono Bridge, near Yosemite Village (11266500), is located about 1 mi upstream from the dam. Flows at the dam are considered equivalent to those at the gage. The average annual mean daily flow at the gage is 624 ft 3 /s, and the peak of record, 23,400 ft 3 /s, occurred on December 23, 1955.
The frequency of this flood is estimated to be about 40 years, on the basis of 70 years of record at the Pohono gage.
Previous studies of the hydraulic changes that would result from removal of the Cascade Dam were done by Kennedy, Jenks, and Chilton, Consulting Engineers (1986) .
The results of their study are included in a report to the National Park Service dated September 1986. Their report includes results of geophysical soundings done in April 1986 by Harding, Lawson, and Associates, of the sediment trapped upstream from the dam.
The purpose of this study, done in cooperation with the National Park Service, was to evaluate the possible changes in hydraulic characteristics of the Merced River caused by removal of the dam. As part of this study, data included in the report by Kennedy, Jenks, and Chilton, Consulting Engineers (1986) were used where possible.
DESCRIPTION OF SITE
Cascade Dam is a timber crib diversion dam constructed in 1917 on the Merced River about 6 mi downstream from Yosemite Village (not shown in fig. 1 ) and 1 mi downstream from the Pohono Bridge gage (11266500) ( fig. 1) .
Flows at the dam were diverted through an intake structure on the right bank, and then through a 54-inch-diameter low-pressure wood pipeline to a steel penstock and powerhouse located about 1 mi downstream.
The dam is about 170 ft long, 10 ft high at the upstream face, and 22 ft wide ( fig. 2) . The timber crib part of the dam extends down from the crest about 13 ft to the bottom of the stream channel at an elevation of 3,795 ft above sea level (from drawings by Kennedy, Jenks, and Chilton, Consulting Engineers, December 1987). Since construction, sand and gravel have accumulated in the pool upstream from the dam. The intake structure and toe of the dam were modified and reinforced with concrete and large boulders about 1970. Operation of the powerhouse was discontinued in 1985, and the wood pipeline was subsequently destroyed and removed.
A Geological Survey topographic map of Yosemite Valley (dated 1958, with a contour interval of 40 ft) indicates that the diversion dam is located at a natural breakpoint in the channel gradient. Downstream from the dam, the channel gradient is about 0.06 ft/ft.
Upstream from the dam, the gradient is 0.01 ft/ft. Accordingly, there is potential for bed scour at the site of the diversion dam unless the channel bed is armored. 
HISTORIC FLOODS
Flooding is an annual occurrence on the Merced River, with most floods occurring during the spring snowmelt season (table 1) . The mean annual discharge of the Merced River at Pohono Bridge gage (11266500) is about 5,000 ft 3 /s. During some years, floods occur during the winter as a result of heavy rain from tropical storms and melting of the existing snowpack.
Floods of this type usually are larger than the floods caused by spring snowmelt.
Large floods caused by winter storms occurred in December 1937 , November 1950 , and December 1955 peak discharges of about 23,000 ft 3 /s (table 1). The frequency of these floods was determined using flood-frequencyanalysis techniques described by the Hydrology Subcommittee in Bulletin 17B (U.S. Geological Survey, 1982) .
On the basis of records for the Pohono Bridge gage for 1917-86, the average frequency of these floods is about 40 years.
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DESCRIPTION OF APRIL 1988 FIELD SURVEYS
A map of the study reach ( fig. 4 ) and water-surface profile for a reach about 1,200 ft long in the vicinity of the dam was surveyed (fig. 7) . On the basis of flow records collected at the Merced River at Pohono Bridge gage (11266500) A location map of geophysical surveys by Harding, Lawson, and Associates in 1986 (their stations 3+50 to 6+00) indicates they surveyed a reach starting 230 ft upstream from the dam and extending 250 ft upstream from their initial point (Kennedy, Jenks, and Chilton, Consulting Engineers, 1986) .
However, survey data obtained by Harding, Lawson, and Associates were not used because the channel width and depth did not agree with comparative data obtained during surveys by the Geological Survey during April 1988.
The water-surface profile on April 12, 1988 , is shown in figure 7 . Backwater at this discharge extends about 550 ft upstream from the dam.
A tabulation of elevation data for the toe of the bank (base of State Highway 140 rock riprap and embankment) , State Highway 140 pavement centerline, and channel thalweg at selected cross sections is given in table 2. The elevation data indicate the toe of the bank or that part of the highway embankment protected with rock riprap is about 10 ft higher than the channel thalweg at cross section B and about the level of the water surface when surveyed in April 1988. 
POTENTIAL CHANGES IN WATER-SURFACE PROFILE AND CHANNEL THALWEG
The proposed removal of Cascade Diversion Dam will affect the Merced River channel for a distance both upstream and downstream from the dam.
As shown in figure 9 , the water-surface profile for flow conditions such as on April 12, 1988, will probably change for a reach length greater than 600 ft upstream and 300 ft downstream from the dam. In addition, the water-surface profile at the site of the dam would be about 18 ft lower than the April 12, 1988, elevation. These estimates are based on the points of tangency with the existing watersurface profile ( fig. 9 ) , as determined during the April 1988 surveys.
The upstream point of tangency is the farthest upstream location in the reach at which changes in the existing channel may occur, regardless of future modifications to the diversion dam. The point of tangency at the downstream end of the reach is considered to be a stable location because of the large boulders in the channel that were deposited from a rockfall on the left bank ( fig. 4) . Even though erosive forces downstream from the dam are high because of the steep channel gradient in this reach ( fig. 9) , the channel has reached a state of equilibrium for present flow conditions. It is probable that these large boulders ( fig. 2 ) will continue to stabilize the channel geometry in this part of the reach even if the dam is removed.
Associated with the lowering of the water surface will be a tendency for the active stream channel to incise within the former pool area and establish a new alignment.
The thalweg elevation of the newly incised channel cannot be estimated with accuracy, but likely will approximate the existing thalweg elevation at points A and B ( fig. 9 ) , which are near the upstream end of the reach affected by the diversion dam. At the diversion dam, the future thalweg elevation could be as much as 21 ft lower than the present dam crest. With the dam removed, the future thalweg profile ( fig. 9 ) would be about 5 ft lower than the estimated watersurface profile, based on flows surveyed on April 12, 1988.
EROSION POTENTIAL ADJACENT TO STATE HIGHWAY 140
During large floods, as in December 1937, erosion of the State Highway 140 embankment upstream from the diversion dam between point U and cross section C may occur (fig. 4) . In addition, inundation of the junction of State Highways 140 and 120 at the right bank abutment of the diversion dam ( fig. 4) , as noted during the floods of December 1937 and November 1950, may reoccur.
At cross section B (table 2), the elevation of the toe of the rock riprap is about 3,810 ft, with the thalweg at this cross section at an elevation of 3,800 ft. As such, there is about 10 ft of channel bank below the toe of the riprap that is unprotected. However, present channel and pool conditions provide some protection of the State Highway 140 embankment because the pool tends to dissipate the kinetic energy (shear stress) associated with inflow from the upstream reach. Removal of the diversion dam will eliminate the storage pool, and the resultant energy dissipation.
In addition, the channel alignment then may tend to migrate towards the right bank because of curvature of the channel, thereby increasing the possibility of erosion of the highway embankment.
The changes in hydraulic forces in the study reach that would be caused by removal of the dam were estimated on the basis of flood data obtained after the November 1950 flood and from the April 1988 surveys.
The maximum depth of flow during the November 1950 flood at cross section A, and with the dam in place, is about 24 ft ( fig. 5) .
The hydraulic forces acting in the channel bed (which are indicative of forces acting on the channel bank) were estimated on the basis of shear stress. The shear stress at this cross section was calculated using the equation (Blodgett and McConaughy, 1986) (1) where T is shear stress, in pounds per square foot, Y is unit weight of water, in pounds per cubic foot, d is maximum depth of flow, in feet, and 5 is water surface or bed slope, in feet per foot.
For the November 1950 flood, the watersurface slope in the vicinity of the dam was 0.0056 ft/ft ( fig. 5) , and the corresponding bed-shear stress was calculated to be 8.4 lb/ft 2 . If the dam is removed, a maximum depth of flow of 24 ft at cross section A for flooding similar to that of November 1950 is expected to remain about the same (fig. 5 ). The channel-bed slope would increase to 0.0316 ft/ft ( fig. 9 ) , a value between the gradients of 0.06 and 0.01 ft/ft derived from the Geological Survey topographic map dated 1958.
The corresponding bed-shear stress would be 47.3 lb/ft2 , nearly six times greater than the shear stress with the diversion dam in place.
If the dam is removed, the combination of inflow associated with high shear stress plus possible channel migration toward the State Highway 140 embankment suggests that bank protection will be needed at the site. Bank protection such as riprap would need to be installed at the toe of the embankment and to a point that is as high as the toe of the present riprap protection.
The toe of the new bank protection should extend down to the elevation of 3,787 ft, which is the estimated thalweg profile ( fig. 9 ) , and extend upstream and downstream between point U and cross section C (fig. 4) 
